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A B S T R A C T
Rapid DNA typing provides a transformative solution to help forensic laboratories and law enforcement
agencies solve and prevent crimes. The RapidHIT1 System is a fully integrated instrument with a
simpliﬁed user interface enabling an operator to run the system and obtain a DNA proﬁle from a sample
in less than two hours. The integration and developmental validation of the NDIS-approved 24 loci
GlobalFiler1 Express kit expands the capabilities of the RapidHIT System to increase discrimination
power, reduce adventitious matches, and improve cross-border data sharing capabilities. Developmental
validation studies were performed according to the SWGDAM guidelines and tested several critical areas
of performance including three sensitivity studies, inhibited samples, thermal cycling parameters, and
cross-contamination. Validation studies indicate that the optimized PCR parameters and sensitivity of
the system is capable of generating STR proﬁles from buccal or blood swab reference samples. Results
were concordant with genotypes produced using standard bench thermal cyclers and capillary
electrophoresis platforms. Furthermore, swabs can be retrieved from the system and re-run or
reprocessed with traditional bench chemistries, e.g. Y-STRs, to gain additional information. Our results
demonstrate that the GlobalFiler Express assay run on the RapidHIT System is reliable for generating
proﬁles from reference samples after forensic review.
 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Contents lists available at ScienceDirect
Forensic Science International: Genetics
jou r nal h o mep ag e: w ww .e lsev ier . co m / loc ate / fs ig1. Introduction
The RapidHIT System is a fully automated sample-to-DNA
proﬁle instrument for short tandem repeat (STR) based human
identiﬁcation [1,2]. This system integrates routine laboratory
steps by performing cell lysis, DNA isolation, STR ampliﬁcation,
electrophoretic separation, ﬂuorescent detection, and data analysis
to generate DNA proﬁles in under two hours. Previously, Power-
Plex1 16 HS chemistry (Promega Corp., Madison, WI), a 16 marker
assay, was validated on the RapidHIT System [3,4]. However, the
Federal Bureau of Investigation (FBI), European Network of
Forensic Science Institute (ENFSI) and European DNA Proﬁling
Group (EDNAP) have all agreed to the addition of STR loci to the
European Standard Set (ESS) and to the core CODIS loci to increase
cross-border data sharing, increase discrimination power, and
reduce adventitious matches [5–8]. Furthermore, the Pru¨m treaty* Corresponding author. Tel.: +1 925 474 3394; fax: +1 925 701 3318.
E-mail address: lorih@integenx.com (L.K. Hennessy).
http://dx.doi.org/10.1016/j.fsigen.2014.08.011
1872-4973/ 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access 
nd/3.0/).[9,10] was enacted into European Union legislation which requires
member states to submit the ﬁve additional loci that are part of the
new expanded 12 ESS [11]. This led manufacturers to develop and
commercialize products that include all the required and/or
recommended loci as requested by ENFSI, EDNAP and the core
CODIS Loci Working group [12,13].
The GlobalFiler Express PCR Ampliﬁcation Kit from Thermo-
Fisher Scientiﬁc (Waltham, MA), an NDIS approved chemistry,
contains all the required and recommended loci [6,8]. The kit
contains 21 autosomal STR loci (D3S1358, vWA, D16S539, CSF1PO,
TPOX, D8S1179, D21S11, D18S51, D2S441, D19S433, TH01, FGA,
D22S1045, D5S818, D13S317, D7S820, SE33, D10S1248, D1S1656,
D12S391, D2S1338) and 3 sex determining markers (Amelogenin,
DYS391, Y-indel). Use of ﬂuorescent six-dye technology enables
the amplicon sizes to be less than 400 bp (except SE33, 442 bp). To
support the community worldwide, increase level of discrimina-
tion, facilitate international DNA proﬁle comparison, and reduce
risk of adventitious matches, the GlobalFiler Express assay was
integrated and validated on the RapidHIT System.article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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were performed according to the quality assurance standards
issued by the Director of the FBI [14] and the revised guidelines
published by the Scientiﬁc Working Group on DNA Analysis
(SWGDAM) [15]. The results conﬁrm the reliability of the NDIS-
approved GlobalFiler1 Express assay on the RapidHIT System for
generating DNA proﬁles from reference samples. The proﬁles can
be uploaded after forensic expert review to national and
international databases once laboratories have completed their
internal validation.
2. Materials and methods
2.1. DNA samples
Buccal swab samples were collected from consenting donors
using 3 inch cotton-tipped swabs from Puritan Medical Products
Company (Guilford, ME). Each donor was instructed to swipe the
inside of the cheek ten times and contribute swabs daily to
generate aged swabs for stability studies. After buccal collection,
swabs were returned to their original paper package labeled with
the date and an anonymized identiﬁcation number, then stored at
room temperature in a ﬁle cabinet.
Buccal swabs from all donors (138 males, 102 females) that had
been collected over the past year were used to generate a reference
database. This donor pool consisted of current employees,
employee family members and former employees. The swabs
were prepared using a slight modiﬁcation of the GlobalFiler
Express buccal swab protocol [16]. Brieﬂy, 300–400 mL of Prep-N-
GoTM Buffer (ThermoFisher Scientiﬁc) was added to 1.5 mL
Eppendorf tubes. The cotton swab was inserted into the tube
with buffer and incubated at 70 8C (vs. 90 8C) in a heating block for
15 min. The lysates were used to obtain an STR proﬁle as described
below.
The human male ﬁbroblast cell line HTB-157 (ATCC, Manassas,
VA), designated 1000 M, was used to prepare positive control
swabs. The human embryonic palatal mesenchymal (HEPM) cell
line CRL-1486TM (ATCC, Manassas, VA), designated 1000 F, was
used for the mixture study. Cell culture optimization and scale up
was performed under contract by Aragen Bioscience (Morgan Hill,
CA), and cells were stored in 90% FBS, 10% DMSO at 80 8C. Cells
were washed and resuspended twice in PBS buffer, quantiﬁed
using a Scepter Handheld Automated Cell Counter (Millipore,
Billerica, MA), and brought up to a working concentration between
200,000 and 10,000,000 cells/mL. 50 mL aliquots of the appropriate
dilution of cells were added to swabs which were air dried at room
temperature overnight. A reference proﬁle for 1000 F was obtained
as described above for buccal swabs. The 1000 M cell line is the
same as component F in the National Institute of Standards and
Technology (NIST, Gaithersburg, MD) DNA Proﬁling Standard SRM
2391c and the certiﬁed proﬁle from NIST was used as the reference
for concordance.
Blood samples in EDTA tubes from three different donors were
purchased from Memorial Blood Center (Minneapolis, MN). Two-
fold serial dilutions of blood from each donor (20–2.5 mL and 1 mL)
were applied to swabs. To prepare these swabs, an aliquot of each
blood dilution was pipetted onto a glass slide. Then, a swab wetted
with sterile water was used to recover the diluted blood from the
slide. The concentration of DNA in each blood sample was
determined to calculate the amount being applied onto the swab
at each dilution. DNA was extracted from 40 mL of blood from each
donor using PrepFiler Forensic DNA Extraction kit (ThermoFisher
Scientiﬁc) and the amount of DNA quantiﬁed in triplicate with
Quantiﬁler Human DNA Quantiﬁcation Kit (ThermoFisher Scien-
tiﬁc) on a Applied Biosystems 7500 Real-Time PCR system v1.4
according to the manufacturer’s protocols [17,18].The DNA Proﬁling Standard SRM 2391c, produced by NIST
(Gaithersburg, MD), was used to test the accuracy of allele calls
against NIST certiﬁed genotypes. For testing on the RapidHIT
System, DNA from components A–D were added to the GlobalFiler
Express STR reagents at 1–2 ng/20 mL.
DNA samples from several common animal species (bovine,
chicken, horse, porcine, rabbit) were obtained from Biochain (Newark,
CA). Puriﬁed genomic DNA from several human-associated micro-
organisms in the oral cavity was purchased from ATCC (Manassas, VA).
2.2. PCR ampliﬁcation, sample electrophoresis, and data analysis
2.2.1. 9700 thermal cycling and 3130xL analysis
Buccal swab lysates were prepared to generate a reference
database for concordance studies as described above. PCR
ampliﬁcation reactions were prepared by combining 6 mL of
GlobalFiler Express primer mix, 6 mL of master mix, and 3 mL of
buccal cell lysate to give a total reaction volume of 15 mL according
to the manufacturer’s protocol [12]. For positive control DNA 007
(supplied in the GlobalFiler Express Kit, ThermoFisher Scientiﬁc)
reactions, 6 mL of primer mix, 6 mL of master mix, and 1 mL of
sterile water was combined and then 2 mL of control DNA 007
(2 ng/mL) was added. Thermal cycling was performed on the
GeneAmp1 PCR system 9700 (ThermoFisher Scientiﬁc) with a 96-
well gold-plated silver block. Thermal cycling parameters used the
9700 max mode: enzyme activation at 95 8C for 1 min, followed by
26 cycles of denaturation at 94 8C for 3 s and annealing/extension
at 60 8C for 30 s. A ﬁnal extension step was performed at 60 8C for
8 min, followed by a ﬁnal hold at 4 8C if the PCR products were to
remain in the thermal cycler for an extended time. Cycle number
was increased to 27 when re-amplifying samples with partial
proﬁles.
Following thermal cycling, samples were prepared for capillary
electrophoresis (CE) according to the manufacturer’s protocol with
GeneScanTM600 LIZ1 v2 and 500 LIZ1 size standards [12]. Separa-
tion was performed on a 16-capillary 3130xL Genetic Analyzer
(ThermoFisher Scientiﬁc) using a 36 cm capillary array, HIDFrag-
mentAnalysis36_POP4 run module with dye set J6. If a sample
yielded off-scale peaks it was rerun after decreasing injection
parameters from 3 kV for 10 s to 2 kV for 5 s. The electrophoresis
results were analyzed using GeneMapper ID-X v1.4 genotyping
software (ThermoFisher Scientiﬁc) using a 20% global ﬁlter and the
recommended analysis settings for GlobalFiler1 Express v1.2
chemistry. Peak amplitude of 50 RFU (relative ﬂuorescence units)
was used as the peak detection threshold when analyzing data
from all electropherograms.
2.2.2. RapidHIT System
PCR reaction mix for the RapidHIT System was prepared using
the same ratios as suggested by the manufacturer [12]. The primer
mix and master mix reagents were preloaded into two separate
vials prior to insertion of vials onto the sample cartridges. 20 mL of
primer mix plus 5 mL of sterile water was combined and added to
one vial and 20 mL of master mix plus 5 mL of sterile water was
combined and added to the second vial. The two vials were inserted
onto the cartridge for each PCR reaction. Once the paramagnetic
beads containing extracted, puriﬁed DNA were transferred to the
PCR reaction chamber, the master mix and primer mix were
dispensed simultaneously into the chamber. The total volume of the
PCR ampliﬁcation chamber was approximately 20 mL.
The thermal cycling parameters used were enzyme activation at
96 8C for 1 min, followed by 28 cycles of denaturation at 96 8C for 5 s
and annealing/extension at 60 8C for 40 s with a ﬁnal extension step
of 60 8C for 8 min. Upon completion of thermal cycling, all ampliﬁed
product was transferred to the dilution chamber containing
MapMarker1DY632-500 bp size standard (Bioventures). The diluted
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to injection into the capillary array. The fragments were separated
and detected, and the electropherograms were processed with the
IntegenX trace analysis software.
The trace analysis software baselines the data, performs
multicomponent analysis to correct for spectral overlap and
uniformly rescales the ﬂuorescence intensity of all data and
generates an electropherogram trace ﬁle in the fsa ﬁle format.
The signal intensity of all data points is multiplied by 0.0145
(29,000/2  106 RFU) to uniformly rescale the data from the
2  106 RFU dynamic range of the RapidHIT to the maximum of
29,000 RFU for the fsa ﬁle format to enable import into GeneMarker
software (SoftGenetics, State College, PA). The analytical and
stochastic thresholds (AT and ST) are calculated on a per run, per
locus basis. Brieﬂy, to calculate the AT, the peak morphology
algorithm identiﬁes all non-allele peak amplitudes >1 RFU within
the deﬁned marker range at each locus. This data for each locus are
ﬁtted to a Gaussian curve and a median value and standard
deviation are calculated. The default AT is set using the median
value plus 15 times the standard deviation to minimize non-allele
calls. The AT value can be user deﬁned based on internal validation
studies. The default ST factor of 2 was calculated using 1/0.5
heterozygote peak height ratio. This factor is then applied to
calculate ST (i.e. ST = 2 times the AT value). The ST factor can also be
user deﬁned based on the minimum observed peak height ratio
during internal validation studies at which a sister allele of a
heterozygous pair does not stochastically drop out. Files in fsa
format and the AT and ST values calculated for the run are
automatically imported into GeneMarker HID Auto software
embedded in the system where peak detection, peak sizing and
allele identiﬁcation occurs. All proﬁles generated were subjected to
manual review to conﬁrm genotype quality.
2.3. Data analysis
Heterozygote peak height ratio (also known as intralocus
balance) was calculated by dividing the lower allele peak height of
the heterozygous individual by the higher allele peak height and
the result expressed as a percentage. Overall average peak height
for a sample was determined by ﬁrst averaging heterozygous peaks
and dividing the homozygous peaks in half, then calculating the
average. Intracolor peak height balance was calculated by ﬁrst
averaging heterozygous peaks and dividing the homozygous peaks
in half. Once normalized for diploidy, the lowest score for the locus
labeled with a given dye was divided by the highest and the result
expressed as a percentage.
2.4. DNA extraction parameters
The extraction of DNA on the system used guanidinium
thiocyanate (Teknova, Hollister, CA) chemical lysis and solid phase
DNA separation and puriﬁcation with paramagnetic beads (Micro-
mod GmbH, Germany) [19]. Two DNA extraction parameters were
evaluated to verify the optimized performance of extraction.
Boundary studies on two instruments were performed around
the standard set of conditions for concentration of paramagnetic
beads in 500 mL of lysis buffer and the incubation time for DNA
binding to the beads. Bead concentrations tested were: 0.5, 1T,
1.5, and 2 and bead incubation times were: 1.5 min, 3 min and
6 min. The standard conditions are indicated in bold. Six swabs of
1000 M with 100,000 cell load were used for each condition tested.
2.5. Mock inhibition study
The robustness of the extraction method to remove PCR
inhibitors was challenged using model systems to simulate whatmay be encountered from buccal swab collection. Three models of
PCR inhibition—coffee, tobacco, and hematin—were used, and
dilutions of each inhibitor were added to 1000 M control swabs
containing 25,000 or 100,000 cells. Three replicates for each cell
load and inhibitor dilution were performed. The inhibitors were
prepared as follows: (1) Brewed black coffee was purchased from
Starbucks1 and 2 mL, 10 mL, 50 mL, and 100 mL aliquots were
pipetted directly onto 1000 M swabs; (2) 2.5 g of Grizzly long cut
chewing tobacco (American Snuff Company) was mixed with
25 mL of water, ground in a pestle and mortar, and soaked over the
course of a four-hour period. The tobacco slurry was stored
overnight at room temperature and the next morning 2 mL, 10 mL,
50 mL, and 100 mL aliquots of the supernatant were pipetted onto
1000 M control swabs; (3) hematin stock solution of 2 mM was
made by dissolving hematin (Sigma–Aldrich, St. Louis, MO) in 0.1 N
NaOH and then diluted in sterile water to desired concentrations.
20 mL of each dilution (0.3 mM, 0.6 mM, 1.0 mM, and 2.0 mM)
were pipetted onto 1000 M control swabs. The experiments with
swabs were performed using three instruments. A mock hematin
inhibition study was also performed using the traditional bench
methods (e.g. 9700 and 3130xL). PCR reactions were prepared in
duplicate with 2 ng of control DNA 007 containing hematin
concentrations of: 0 mM, 0.25 mM, 0.3 mM, 0.35 mM, 0.4 mM,
0.45 mM, 0.5 mM and 1 mM and ampliﬁed for 28 cycles. The PCR
products were separated and analyzed as previously described.
The robustness of the GlobalFiler Express assay was tested with
an EDTA inhibition study. 0.5 M EDTA (Ambion, TX) was diluted in
sterile water and then added directly into the STR reaction vial to
ﬁnal concentrations of 0.1 mM, 0.25 mM, 0.5 mM, 1.0 mM and
1.5 mM. 1000 M control swabs with 25,000 or 100,000 cells were
used to test the effect of EDTA addition on generation of a DNA
proﬁle. Three replicates for each cell load and inhibitor concentra-
tion were performed.
2.6. Thermal cycling parameters
Boundary studies of the optimized thermal cycling parameters
were conducted to verify the performance conditions selected for
the GlobalFiler1 Express assay on the system to generate STR
proﬁles. PCR cycling parameters around the standard set of
conditions were tested on one instrument, except cycle number
which was done on a second instrument. Six 1000 M control swabs
with 100,000 cells were used to test each of the thermal cycling
parameters. The following thermal cycling parameters were
examined, with the standard conditions indicated in bold:
activation temperature: 94 8C, 96 8C, and 98 8C; denaturation
temperature: 94 8C, 96 8C, and 98 8C; annealing temperature:
58 8C, 60 8C, and 62 8C; ﬁnal extension time: 4 min, 8 min and
12 min; cycle number: 27, 28, and 29 cycles.
2.7. Species speciﬁcity
Speciﬁcity was tested using 8 ng of DNA from ﬁve non-primate
sources (bovine, chicken, horse, porcine and rabbit) and pooled
microorganisms (ca. 105 copies each from Streptococcus mitis,
Streptococcus salivariu, Latobacillus casei, Fusobacterium nucleatum,
Enterococcus faecalis, Streptococcus mutans). Three replicates for
each species listed and ﬁve replicates of the microbial pool were
tested.
2.8. Sensitivity
Sensitivity was tested in three ways by running the following sets
of swabs on three systems: (1) Two-fold serial dilutions of 1000 M cells
from 200,000 down to 3125 cells (1.2 mg–18.75 ng based on 6 pg/
diploid cell) were prepared and added to swabs (6 replicates/dilution,
L.K. Hennessy et al. / Forensic Science International: Genetics 13 (2014) 247–258250n = 42 total swabs); (2) Mock swab collection to simulate potential
DNA amounts from two donors, across the range from 1 touch to inside
of cheek, 1 swipe, 2 swipes, 5 swipes, 10 swipes to 20 swipes of the
inside of the cheek (3 replicates/collection/donor, n = 36 total swabs).
(3) Two-fold dilutions of blood (20–2.5 mL and 1 mL) from three donors
applied to cotton swabs (n = 3/dilution/donor, n = 15 total swabs).
Percentage of alleles detected at each dilution and average peak height
was determined.
2.9. DNA mixture study
A mixture study was performed to verify the analysis software
will appropriately ﬂag a sample that may be a mixture before
expert review. Mixture of two cell lines, 1000 M and 1000 F, were
examined at the following ratios (1:0, 1:1, 1:2.5, 1:4, and 1:9) while
maintaining the total amount of cells at 50,000 (low range of cells
on buccal swabs). These two cell lines were selected to minimize
both the number of overlapping alleles and alleles occurring in
stutter positions. Each mixture series was tested in six separate
runs on the RapidHIT.
2.10. Concordance study
A subset of donor buccal swabs (150 individuals) was processed
on four RapidHIT Systems. Genotype concordance was checked
against reference proﬁles generated from the GlobalFiler Express
runs on the ABI 9700/3130xL instruments and analyzed with
GeneMapper ID-X v1.4. In addition, DNA (1–2 ng/20 mL) from the
NIST SRM 2391c DNA Proﬁling standard (components A–D) were
added directly to the STR reagent vials prior to insertion onto the
cartridge and run on the RapidHIT System. Concordance was
checked against the NIST certiﬁed genotypes.
2.11. Electrophoresis sizing accuracy and stutter calculations
The 150 buccal swab sample proﬁles from the concordance study
were used to measure the deviation of each sample allele size from
the corresponding allele size in the allelic ladder and to calculate
stutter. The AT threshold was lowered to 10 RFU and the stutter
ﬁlters were set to 1% in the Genemarker panel ﬁle to detect the
stutter peak heights. The proportion of stutter product relative to the
main allele (percent stutter) was measured by dividing the height of
the stutter peak by the height of the associated allele peak.
2.12. Cross-contamination, stability and reproducibility
Fourteen runs were performed to examine run-to-run and
channel-to-channel cross-contamination on the system. An
alternating checkerboard pattern across the sample cartridges
was used to test all lanes. The checkerboard pattern designs for the
two cartridges were as follows: left cartridge – sample/blank/
sample/blank and right cartridge-blank/sample/blank/sample.
Then, left cartridge – blank/sample/blank/sample and right
cartridge – sample/blank/sample/blank format was used in the
next run to ensure all lanes in the cartridges were tested. FreshTable 1
Effect of bead concentration and incubation time on average peak heights.
Bead concentration Average peak height (RFU)  SD 
25 K Cells 200 K Cells 
0.5 1024  232 3932  1475 
1.0 2420  456 6862  1460 
1.5 3254  624 7697  1517 
2.0 4080  1409 7998  3294buccal swabs from donors were used in the sample channels for the
cross-contamination runs.
A stability study was performed to examine the ability to obtain
DNA proﬁles from buccal swabs that had been stored over a period
of time. Fresh swabs from ﬁve individuals were run on the
RapidHIT System alongside swabs from these individuals
(n = 7 swabs/donor) that had been stored at room temperature
for 14 days to 395 days.
Analysis of positive control DNA 007 (2 ng/20 mL) from four
runs on four different instruments (n = 16) was performed to
assess reproducibility of the system with a known quantity of DNA.
Heterozygote peak height balance, average peak height and
intracolor balance were calculated.
2.13. Swab retrieval and re-extraction
To demonstrate that swabs can be retrieved and reprocessed on
the bench, twenty-one buccal swabs were randomly collected from
the cartridges after being run on the RapidHIT System with GlobalFiler
Express chemistry. The swabs were re-extracted and amount of DNA
quantiﬁed using the bench process as described above. The extracted
DNA (one to three mL) were then re-ampliﬁed with the GlobalFiler
Express Kit on the 9700 thermal cycler and separated on the 3130xL
per manufacturer’s protocol [12]. DNA proﬁles were analyzed in
GeneMapper ID-X v1.4 software and proﬁles were compared to their
GlobalFiler Express genotype obtained from the RapidHIT run as well
as their proﬁle in reference database.
3. Results
3.1. DNA extraction
Results showed that decreasing the standard bead concentra-
tion by half resulted in lower average peak heights for both levels
of cells applied to cotton swabs (Table 1). Increasing bead
concentration showed the average peak height plateaus at the
higher 200,000 level of cells on swabs, while average peak heights
at the lower input of cells increased almost linearly with higher
bead concentrations. Full proﬁles were obtained at all bead
concentrations and cell loads.
When the incubation time of the beads was decreased by half to
1.5 min vs. the 3 min standard time, the average peak heights were
lowered for both the low and high cell loads; increasing the
incubation time by two-fold did not lead to an increase in average
peak heights for low cell load and decreased the peak height for the
higher cell load (Table 1). Full proﬁles were obtained at all bead
incubation times. The results indicate that bead concentration and
incubation time are reliable for recovering sufﬁcient DNA from
buccal swabs.
3.2. Inhibition study
When coffee, tobacco slurry, and hematin were added to swabs
containing 1000 M cells at 25,000 and 100,000, full proﬁles were
obtained at all levels of the three inhibitors (Fig. 1). Average peakIncubation time (min) Average peak height (RFU)  SD
25 K Cells 200 K Cells
1.5 1597  414 4458  980
3 3074  984 7228  1084
6 3438  1053 4804  1353
Fig. 1. Representative electropherograms from simulated inhibition study (100,000 cells) showing full proﬁles obtained at highest level of inhibitors: (A) no inhibitor, (B)
100 mL coffee, (C) 100 mL tobacco slurry, (D) 2 mM hematin and (E) 1 mM EDTA. The y-axis scale was set to 25,000 RFU for no inhibitor, coffee, tobacco and hematin. The
y-axis scale was set to 3000 RFU for EDTA.
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Fig. 2. Summary of results from the PCR boundary study using control swabs (n = 6 per condition) with 100,000 1000 M cells (average  SD). Asterisk indicates standard
condition.
Fig. 3. Sensitivity study with 1000 M cells applied to cotton swabs ranging from
200,000 down to 3125 (n = 6/quantity, average  SD).
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ratios (range 83.8–91.7%) at the different inhibitors levels were
similar. In the mock hematin study performed on the bench with
control DNA 007, full proﬁles were obtained up to 0.5 mM hematin
concentration added to the PCR reaction. However, addition of
1 mM hematin severely inhibited the reaction with only 6 and
7 alleles present in the duplicate reactions (data not shown). The
results indicate that the extraction and puriﬁcation steps on the
system can provide quality DNA for PCR ampliﬁcation.
A mock inhibition study was also performed with EDTA added
directly to the STR reaction to test the robustness of the assay. Full
proﬁles were still obtained up to 1 mM of EDTA added to the
reaction for all 6 samples, and full proﬁles were still obtained in 5 out
6 samples at 1.5 mM EDTA. As expected, average peaks heights
decrease with increasing EDTA added to the reaction (6-fold
decrease with 25,000 cells and 8-fold decrease with 100,000 cells
at 1.5 mM EDTA). The results indicate that the multiplex STR
chemistry is robust to decreases in MgCl2 concentration as proﬁles
can still be obtained at the 1.5 mM EDTA level.
3.3. Thermal cycling parameters
3.3.1. Activation, denaturing and annealing temperature
Boundary studies were conducted for activation, denaturing
and annealing temperature testing at two degrees below and
above the optimized temperature. No impact to the STR proﬁle, the
average peak heights, or the heterozygote peak height ratios were
seen indicating that the optimized temperatures for these three
PCR parameters are robust (Fig. 2).
3.3.2. Final extension and PCR cycle number
Decreasing ﬁnal extension time by half to 4 min did not affect the
STR proﬁle and no incomplete +A addition was observed. Increasing
cycle number led to an increase in average peak height at 29 cycles
and heterozygote peak height ratios were similar (Fig. 2).
3.4. Species speciﬁcity
No reproducible peaks were detected for bovine, chicken,
porcine or rabbit in the three replicate reactions for each species
tested. A reproducible 97.4 bp VIC dye-labeled fragment was
observed in the horse samples and has previously been reported in
the validation studies of GlobalFiler Express performed by
ThermoFisher Scientiﬁc [12]. The peak was below the Amelogenin
marker and was not called (data not shown).
3.5. Sensitivity
For the titration with 1000 M cells ranging from 200,000 down
to 3125 cells (which is equivalent to 1.2 mg and 18.75 ngrespectively), full proﬁles were obtained down to 6250 cells on
a swab and partial proﬁles obtained at the 3125 cell load
(62.7%  19.4% alleles detected). Average peak heights ranged from
about 4600–146 RFUs (Fig. 3), and average heterozygote peak height
balance was >68%. The minimum peak height ratio observed was 53%
for swabs with 12,500–200,000 cells and 31% for swabs with
3125 and 6250 cells.
Swab collection titration from both the male and female donor
yielded complete proﬁles with a single touch to the cheek for all
three replicates from both donors. As expected, the average peak
heights decreased with lower input of cells (Fig. 4). All proﬁles
were concordant in the six runs on two instruments demonstrating
reproducibility of the system.
The quantity of DNA obtained by qPCR for the three blood
samples ranged from 10 to 12.6 ng/mL. Full proﬁles were obtained
from blood samples down to 2.5 mL (25–31.5 ng), and partial
proﬁles were obtained at 1 mL of blood (average 75%  25% alleles
detected, data not shown).
3.6. Mixture study
Analysis of the mixture samples (n = 3/mixture) in GeneMarker
showed that the samples were ﬂagged correctly as polyploidy, thus
requiring further expert review. Fig. 5 illustrates the 1:9 mixture
ratio of the two cell lines with the minor non-overlapping alleles
indicated with an asterisk and demonstrates the resolution of
mixtures at lowest limit tested in this study.
Fig. 4. Representative electropherograms from the swab collection study. Note the Y-axis scale = 20,000 RFU is for 20 swipes to 2 swipes and is reduced to 6000 RFU for
1 swipe and 1 touch.
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Fig. 5. Electropherogram from the 1:9 mixture ratio. Minor alleles (23/24) detected are indicated by the asterisk.
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All proﬁles from 150 buccal swab samples, as well as positive
control DNA 007, run on the RapidHIT System were concordant
with the GlobalFiler Express reference proﬁles generated by
traditional laboratory methods. Average heterozygote peak height
balance ranged from 79 to 90.9% (Table 2). All three replicates of
the NIST SRM components A–D were concordant with the certiﬁed
genotypes (data not shown).3.8. Precision and stutter
Determining the sizing precision includes evaluation of
measurement error and assessing the performance for accurate
and reliable genotyping. Buccal swab sample proﬁles (n = 150)
from the concordance study were used to measure the deviation of
each sample allele from the corresponding allele size in the allelic
ladder. All 5995 sample alleles tested were within  0.5 bp of the
corresponding alleles in the allelic ladder (Fig. 6) demonstrating
Fig. 6. Size difference between allele and corresponding allele in allelic ladder, n = 5995 alleles.
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base (Fig. 7). The percent stutter was calculated from these samples
and the stutter averages, ranges and standard deviation (SD) are
shown for each locus in Table 3. These values are comparable to those
shown in the GlobalFiler Express User Guide Rev B [12].
3.9. Cross–contamination study
Cross contamination was tested in fourteen runs using a
checkerboard pattern so that all 8 channels were tested on
subsequent runs. Results showed no called alleles in any of the
8 blank channels demonstrating no cross contamination occurs
within a run or from run-to-run (Fig. 8). Some pull-up is observed
in the blank channels caused by the high signal of the size standardFig. 7. Buccal swab samples showing 1 base pair resolution on the RapidHIT System run 
11.3, 12; D1S1656 16.3, 17; D12S391 18.3, 19; and SE33 19.3,20.when no sample is present to compete with electro kinetic
injection of the size standard.
3.10. Stability and reproducibility
Full proﬁles were obtained from the ﬁve individuals with swabs
ranging from 14 days to 395 days old demonstrating the
effectiveness of the system to process older swabs. Average peak
heights ranged from 400 to 4600 RFUs, and average heterozygote
peak height ratios ranged from 85.1 to 88.8%. All proﬁles were
concordant with the reference proﬁles demonstrating the repro-
ducibility of the system with aged buccal swabs.
Analysis of 2 ng positive control DNA 007 (n = 4) run on four
different instruments showed similar average peak heights (rangewith GlobalFiler Express Kit chemistry. One base microvariant alleles were: D2S441
Table 2
Heterozygote peak height ratios, SD, and minimum values for 22 GlobalFiler
Express markers calculated from samples run in the concordance study.
Locus Number of
observations
Average peak
height ratio (%)
SD (%) Min (%)
D3S1358 110 89.1 8.6 53.3
vWA 124 85.8 10.0 46.1
D16S539 118 86.6 8.5 53.3
CSF1PO 116 86.2 9.6 53.1
TPOX 92 87.3 10.5 56.4
Amel 92 85.3 9.9 54.4
D8S1179 126 86.9 8.8 53.4
D21S11 122 86.5 9.8 53.8
D18S51 125 83.4 10.2 54.5
D2S441 104 89.5 8.6 58.1
D19S433 110 90.9 6.6 64.8
TH01 115 89.8 8.3 47.4
FGA 111 87.7 8.5 48.4
D22S1045 103 86.2 9.8 37.0
D5S818 97 87.2 9.2 39.3
D13S317 114 85.5 10.7 48.9
D7S820 123 88.0 9.3 52.0
SE33 138 79.0 12.1 44.3
D10S1248 118 89.2 7.6 63.3
D1S1656 134 87.3 9.9 54.6
D12S391 119 85.3 8.4 54.3
D2S1338 120 82.8 11.7 42.9
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(range 85.6–88.2%). Differences in average intracolor balance were
minimal and ranged from 5 to 14% (data not shown).
3.11. Swab retrieval and re-extraction
Twenty-one buccal swabs that had previously been run on the
RapidHIT and re-extracted on the bench had DNA yields ranging
from 2.3 ng to 1.6 mg. Proﬁles obtained after ampliﬁcation of theFig. 8. Example electropherograms from the cre-extracted DNA with the GlobalFiler Express kit yielded
concordant proﬁles with their GlobalFiler Express proﬁle generat-
ed on the RapidHIT as well as their proﬁle in the reference database
(data not shown).
4. Discussion
These developmental validation studies have demonstrated that
the GlobalFiler Express assay run on the RapidHIT System is a
reliable system for generating proﬁles after forensic review from
references samples. While the quality of the STR proﬁle can be
affected by the thermal cycling parameters, the results from
boundary studies around the optimized conditions illustrate the
robustness of the protocol and system to generate STR proﬁles
within 2 8C degree changes in temperature and up to 2-fold changes
in extraction conditions studied. These optimized PCR conditions
maintained the same primate speciﬁcity of the GlobalFiler Express
assay as previously validated by the kit manufacturer, ThermoFisher
Scientiﬁc [12]. PCR inhibitors can impact the generation of a complete
STR proﬁle [19–21]. DNA extraction and puriﬁcation with mock
inhibitors showed that the system is effective at removing inhibitors
and can process buccal swabs and blood samples.
PCR and extraction conditions were optimized on the RapidHIT
System to generate full proﬁles from buccal swabs. In the
sensitivity studies, full proﬁles were obtained with 6260 cells
(37.5 ng) and 2.5 mL of blood (25 ng) applied to swabs indicating
the sensitivity of detection is clearly within the limits needed to
recover a proﬁle from oral buccal swabs. Likewise, a single touch of
swab to cheek shows there is a sufﬁcient amount of cells and DNA
(e.g. 25 ng) being recovered to yield full DNA proﬁles. Partial
proﬁles were obtained with 3125 cells (19 ng) and 1 mL blood
equivalent of 10 ng of DNA. Modiﬁcation of the protocol, such as
increasing the number of PCR cycles, could extend the sensitivity of
the system to handle samples with lower DNA input.heckerboard cross-contamination study.
Table 3
Observed stutter values for the GlobalFiler Express STR loci ampliﬁed on the
RapidHIT System.
Locus Stutter range (%) Stutter average (%) SD (%)
D3S1358 4.85–13.60 8.68 1.75
vWA 3.62–15.31 7.86 2.15
D16S539 2.17–11.74 6.70 1.96
CSF1PO 2.22–12.79 6.56 1.66
TPOX 1.81–10.40 3.50 1.68
D8S1179 3.25–13.53 6.64 1.79
D21S11 5.30–12.92 8.64 1.56
D18S51 3.49–14.31 7.69 2.16
DYS391 4.69–11.02 6.75 1.11
D2S441 2.30–10.61 5.05 1.65
D19S433 3.03–12.64 7.04 1.77
TH01 0.43–6.64 2.25 1.12
FGA 4.09–13.29 7.78 1.96
D22S1045 1.21–15.78 7.44 2.85
D5S818 1.93–10.73 6.86 1.59
D13S317 1.53–13.85 5.23 2.18
D7S820 1.67–9.79 5.32 1.79
SE33 1.80–15.36 10.62 2.20
D10S1248 2.18–13.75 8.72 1.86
D1S1656 1.92–13.53 9.12 2.05
D12S391 4.74–15.91 10.08 2.64
D2S1338 4.89–15.22 9.05 1.65
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since this protocol was optimized for single source reference
samples, this level of detection is sufﬁcient to indicate when a
sample may be a mixed proﬁle. The forensic expert will determine
whether the proﬁle can be used to search the database or be
uploaded.
The precision of the system enables one base (bp) resolution as
shown in the size deviation of alleles from the corresponding allelic
ladder being within 0.5 bp window, and samples that had one bp
microvariants at smaller fragments (D2S441 – 94.7, 95.7 bp) up to the
larger fragments (SE33 – 372, 373 bp) were clearly resolved. This
ensures reliable, concordant genotypes can be obtained on the
system.
Although swabs that have been stored for extended periods can
pose difﬁculties in releasing the DNA embedded within the cotton
ﬁber, the RapidHIT System is capable of obtaining full DNA proﬁles
from swabs that are over one year old. Fourteen runs using a
checkerboard pattern showed that no cross-contamination occurs
between channels or from run-to-run. Therefore, swabs can be
retrieved after being run on the RapidHIT, re-extracted on the
bench and processed with another assay allowing recovery of
additional information if needed, such as Y-STR loci.
The developmental validation experiments described here for
single source reference samples used the commercially available
NDIS approved GlobalFiler Express chemistry as provided by
ThermoFisher Scientiﬁc without alteration of the chemistry. The
manufacturer has previously addressed the developmental vali-
dation studies required for SWGDAM guidelines: 3.1 Characteriza-
tion of the loci; 3.7 Population studies and 3.9.2 PCR components,
and this information is documented in the GlobalFiler Express User
Guide Rev B [12]. These validation studies by the manufacturer, as
well as the studies described here, can be used to support internal
validation efforts by the laboratory.
Rapid expansion and creation of databases is expected as more
states, provinces, and countries continue to pass legislation that
allows for collection of DNA samples from convicted criminals and
arrestees. The utility of these databases in helping to solve and
prevent crimes has clearly been demonstrated [22]. Preventing and
resolving crimes requires that reference samples be processed
while a suspect or arrestee is still in custody. Law enforcement
agencies and the public recognize the power of DNA technology forhuman identiﬁcation. A fully integrated system, such as the
RapidHIT system, offers a solution to obtaining genotype proﬁles
with minimal human intervention allowing forensic scientists to
focus on critical casework samples and provide law enforcement
timely information for investigative leads or to hold a suspect or
arrestee for further scrutiny.
While the developmental validation studies presented here
focused on buccal swab reference samples, additional sample
types such as tissue, semen, or blood on paper or other substrates
can also be processed on the system [23]. The ﬂexibility of the
system to handle multiple sample types and process one to seven
samples per run expands the capability of the system to be used for
processing crime scene evidence for lead investigation, disaster
victim identiﬁcation and hit conﬁrmation as examples. Protocols
are being developed to support future applications on the RapidHIT
System.
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